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ABSTRACT 
Introduction: Operant learning of the electrical brain activity has been reported after 
neurofeedback training (NFT) in clinical and healthy populations.  
Objective: In the present study, changes in the quantitative electroencephalogram (QEEG) were 
investigated after neurofeedback training (NFT) in a heterogeneous sample selected from a 
clinical practice. The aim was to explore whether the SMR/High Beta ratio (12-15 to 22-32 Hz) 
and the SMR/DeltaTheta ratio (12-15 to 2-6.5 Hz) increased after operant training of the 
associated bands. Additionally, this study assessed whether these changes in the QEEG after NFT 
were influenced by some context factors (i.e. age, gender, proportion of protocol, number of 
sessions and severity of initial symptoms). 
Methods: These changes were investigated in 67 participants with a variety of symptoms and/or 
disorders who received 15 to 25 sessions of NFT. Participants trained with a minimum of 90% of 
the sessions with two different protocols, that is, C3C4 (training at the sensorimotor cortex), and 
T3T4 (training at the temporal cortex). Absolute sensorimotor rhythm (SMR: 12-15 Hz) power 
was enhanced in the C3C4 protocol, while DeltaTheta (2-6.5 Hz) and High Beta (22-32 Hz) 
powers were inhibited in both protocols. QEEGs recorded before and after the treatment were 
used as pre-post-test measures. The Brief Symptom Inventory (BSI) was used to evaluate the 
severity of initial symptoms. Context factors were included as covariates to take into account the 
extra variance introduced by these factors. Linear mixed effect statistical models were used in the 
analyses to deal with the complexity of the data. 
Results: The SMR/High Beta ratio increased significantly at central locations after 15 to 25 
sessions of NFT. The changes in the SMR/DeltaTheta ratio after NFT were not significant, 
although an increasing trend was observed. No interactions were found between the included 
context factors and changes in the EEG after NFT. 
Conclusions: This study supports findings of previous studies but for a more general and 
heterogeneous sample. Therefore, it might provide more general and compelling evidence for the 
operant conditioning of the electrical brain activity by means of neurofeedback training.  
Significance: These findings give further support for neurofeedback application as a non-
pharmacological therapy for disorders characterised by abnormal brain activity patterns. 
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1. INTRODUCTION 
Neurofeedback training (NFT) is a behavioural therapy technique where participants learn to 
regulate their brains’ electrical activity (Duric et al, 2014; Wang & Hsieh, 2013).  This technique 
entails the measurement of brain waves responses by electroencephalographic methods (EEG), 
presenting a rewarding stimulus (the feedback) to the subject when these waves move towards 
more functional patterns. If undesirable brain activities are detected, a discouraging stimulus is 
fed back to the subject (Vernon, 2005).  
Neurofeedback is based on the operant conditioning (Skinner, 1938) theory in which the desired 
brainwave states are rewarded to increase the chance of its reoccurrence (Murphy and Lupfer, 
2014; Thomsom and Thomsom, 2003). In the early 1960´s, Joe Kamiya demonstrated that the 
EEG could be operantly conditioned (Kamiya, 1962). He proved that patients could accurately 
recognize a specific brain state although they could not explain how they were making such 
distinctions (Kamiya, 1968). The earliest successful clinical applications of this learning 
behaviour were reported by Sterman when he demonstrated, first in cats and then in humans, that 
the sensorimotor rhythm, also called SMR, could be operantly conditioned and that this type of 
training had anticonvulsant effects (Sterman and Wyrwika 1968; Sterman, 2011). Later, Lubar 
continued the investigations on the clinical applications of neurofeedback in seizure and 
hyperactivity disorders (Lubar, 1975; Lubar & Shouse, 1976). Current evidence shows that 
humans can learn to adapt their brain responses by receiving feedback of their brain waves 
activities (Egner and Gruzelier, 2001; Egner et al., 2004; Gevensleben et al., 2009; Peeters et al., 
2014; Ros et al., 2010; Stanbus, 2008; Zotev et al., 2014).  
Brain´s electrical activity is measured with a non-invasive technique known as quantitative 
electroencephalography (QEEG) (Simkin, et al., 2014). A QEEG is an objective and reliable 
measure (Lubar, 2003; Hammond, 2011; Thatcher, 2010) that show differences in brain activity 
depending on different variables. For example, research has documented developmental changes 
in the EEG which changes more rapidly in children than in adults (Albada et al, 2010; Benninger, 
1984; Clarke, 2001; Thatcher, 2003). Some studies have exposed that the spectral power changes 
through the lifespan by increasing systematically from slow EEG frequencies to fast frequencies 
during brain development and decreasing again later in life (Barriga-Paulino, 2011; Chian et al., 
2011; Lubar, 2003; Whitford et al., 2007). It has also been suggested that EEG coherences 
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change with age (Barry et al., 2004; Thatcher et al., 1987) and that power in the frequency bands 
develops at a different rate depending on the brain region (Barriga-Paulino, 2011; Barry et al., 
2004; Clarke, 2011; Thatcher et al., 1987; Whitford et al., 2007). Results about gender 
differences in the EEG are controversial (Clarke et al., 2001) although, many studies agree on a 
maturational delay in the development of the EEG in girls, but the EEG changes faster in females 
as compared to males (Barry et al., 2004; Benninger, 1984; Chiang et al., 2011; Clarke et al., 
2001). Differences in the brain activity are also well described for different conditions such as 
between rest or activity and between eyes open or eyes closed (Congedo and Lubar, 2003; 
Teplan, 2002; Thatcher, 2003). 
Research suggest that certain types of (developmental) psychological and functional disorders are 
related to distinct EEG patterns that deviate from normal (Arns et al., 2014; Choobforoushzabeh 
et al., 2015; Hammond, 2005; Lake & Moss, 2003; Sulaiman et al., 2011; Vollebregt et al., 
2014). The neurofeedback hypothesis in therapeutic settings is that adaptation of the brain 
response by neurofeedback also produces an improvement in the symptoms of the disorder. 
Hence, by operant conditioning of the desired brain response pattern, an alleviation of symptoms 
is achieved (Peeters et al., 2014). With this aim, NFT has been offered to patients who wish to be 
relieved from symptoms or to improve their cognitive abilities (Vernon, 2005; Gruzelier, 2003). 
Several studies have reported improvements of symptoms like the ability to enhance attention 
(Egner & Gruzelier, 2004), the reduction of experienced anxiety (Hammond, 2005) and 
depression (Putman, 2001), and the ability to perform mental tasks (Orlando and Rivera, 2004). 
Research has shown the effectiveness of neurofeedback in ADHD (Arns, 2014; Lofthouse et al, 
2012) and in autism spectrum disorder (Kouijer, 2010; Kouijzer et al., 2009, 2014). Other 
applications of this technique include the treatment of traumatic brain injury, alcohol abuse and 
post-traumatic brain injury (Wang & Hsieh, 2013).  However, the relationship between severity 
of initial symptoms and neurofeedback effect it is not clear in literature. 
The sensorimotor rhythm (SMR) training on the sensorimotor cortex is the most frequently used 
neurofeedback protocol (Doppelmayr and Weber, 2011) which consists of enhancing the 
amplitude of SMR while inhibiting outer-lying frequency bands (Gruzellier, 2014), that is, Delta, 
Theta and High Beta frequency bands. This type of training has been associated with 
improvements in alertness, concentration, focused attention, working memory and memory 
consolidation, among others (Egner, Gruzelier & Vernon, 2006; Kober et al., 2015). NFT 
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guidelines report that a minimum of 40 neurofeedback sessions are necessary to achieve  
treatment effectiveness (Hammond et al., 2015); though, changes in the EEG have been reported 
after just five or eight sessions of NFT (Egner et al., 2002; Vernon et al., 2003). More recently, 
electrophysiological effects have been shown after just one session of training (Escolano et al, 
2014) but more sessions might be necessary for stable treatment effects as the new circuits might 
need more time to become well established. 
Quite a few important aspects are not well described in the literature yet. For example, even if 
age and gender differences in the EEG have been described and included in databases, the 
relationship between NFT effect and age and gender are not clear enough. Besides, while 
individual differences can be assumed, it appears that the minimum number of sessions necessary 
for positive clinical outcomes is not clear. Moreover, the relationship of severity of initial 
symptoms and the effect of NFT on the EEG has not been well described.  
The proposed work aimed to evaluate whether therapeutic applications of NFT, as opposed to 
training under research conditions, are effective for brain activity changes. The primary goal of 
this study was to test the operant conditioning hypothesis that significant changes between the 
pre-test and post-test QEEGs are seen after NFT. Rather than controlling for factors like age, 
gender, proportion of protocols used, number of NFT sessions and severity of initial symptoms, 
these factors were included as covariates in the experimental design to evaluate the interaction of 
them with changes in the QEEG after NFT. To achieve this insight, effects of NFT were 
investigated on QEEGs obtained in clinical practice. Conclusions are relevant for the evaluation 
of the practical application and therapeutic validity of neurofeedback. Moreover, this work may 
be essential for improving neurofeedback application and give further support for its application 
as a non-pharmacological therapies for disorders characterised by abnormal brain activity 
patterns. 
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2. RESEARCH QUESTIONS 
Main Research Questions:  
1. Are there significant changes between the pre-test and post-test quantitative 
electroencephalography (QEEG) after neurofeedback training (NFT); and  
2. Do these changes correlate with the context factors age, gender, proportion of different 
protocols, number of NFT sessions and severity of initial symptoms? 
1. More specifically, questions related to main research question 1 are:  
1.1. Does SMR/High Beta ratio (12-15 to 22-32Hz) increase on the trained central brain 
location areas (i.e. sensorimotor cortex, C3C4) after NFT? 
1.2. Does SMR/DeltaTheta ratio (12-15 to 2-6.5Hz) increase on the trained central brain 
location areas (i.e. sensorimotor cortex, C3C4) after NFT? 
2. Specific research questions related to main research question 2 are:  
2.1. Is there a relationship between age and changes in QEEG (i.e. increase in SMR/High 
Beta and/or SMR/DeltaTheta ratios on the trained central brain location areas) after 
NFT? 
2.2. Is there a relationship between gender and changes in QEEG (i.e. increase in 
SMR/High Beta and/or SMR/DeltaTheta ratios on the trained central brain location 
areas) after NFT? 
2.3. Is there a relationship between the proportion of different neurofeedback 
protocols and changes in QEEG (i.e. increase in SMR/High Beta and/or 
SMR/DeltaTheta ratios on the trained central brain location areas) after NFT?  
2.4. Is there a relationship between the number of sessions and changes in QEEG (i.e. 
increase in SMR/High Beta and/or SMR/DeltaTheta ratios on the trained central brain 
location areas) after NFT? 
2.5. Is there a relationship between severity of initial symptoms (total number of BSI 
score) and changes in QEEG (i.e. increase in SMR/High Beta and/or SMR/DeltaTheta 
ratios on the trained central brain location areas) after NFT? 
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3. METHODS 
3.1. Design 
The proposed study is a Quasi-experimental retrospective study design, given that data from 
therapeutic practice were analysed. QEEG results were collected according to a valid pre-post-
test design. The target population consists of patients who sought for treatment to alleviate their 
complaints about memory, attention, sleeping or performance difficulties, and received 
neurofeedback training (NFT) in the Neurotherapie Centrum Hilversum in Hilversum, The 
Netherlands.  From those, a sample of participants who met specific inclusion criteria to 
warranty homogeneity in treatment characteristics was selected. No specific inclusion criteria 
were set for age range or gender. A QEEG recorded before the treatment was used as a pre-test 
measure. The results of the Brief Symptom Inventory (BSI) were used to evaluate the initial level 
of subjective complaints. All neurofeedback participants and therapists were aware of the 
treatment condition as setting characteristics make impossible a double-blind study. Protocol type 
and number of sessions were used as inclusion criteria. The intervention consisted of 15 to 25 
sessions of NFT in which a minimum of 90% of the protocols involved C3C4 and/or T3T4 
training (see Table 1 for training characteristics). The C3C4 protocol, which consists of SMR 
(12-15 Hz) enhancing while reducing DeltaTheta (2-6.5 Hz) and High Beta (22-33 Hz) at the 
sensorimotor cortex (central locations C3, left, and C4, right), was included to test the expected 
changes in QEEG after NFT; the T3T4 protocol was included as a secondary treatment protocol 
to prove the specificity of the C3C4 protocol by the magnitude of change it produced in the 
QEEG as a function of the relative amount of C3C4 trainings. T3T4 is a treatment protocol 
focused on reducing DeltaTheta (2-6.5 Hz) and High Beta (22-33 Hz) at the temporal lobes 
locations (T3, left, and T4, right). A second QEEG recorded after 15 to 25 sessions of NFT was 
used as a post-test measure.  
Several context factors were analysed for their potential interaction with QEEG changes after 
neurofeedback intervention, namely age, gender, proportion of C3C4 protocol with respect to 
T3T4 protocol, number of NFT sessions and severity of symptoms at the start of the therapy. 
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3.2. Sample 
Sixty-seven participants, 35 males and 32 females, who met the inclusion criteria (see Design), 
were selected from a population of patients who received neurofeedback training. The age of the 
participants ranged from 5 to 78 years (M = 37.6, SD = 18.97) (see Figure 1). In Table 1, 
demographic and training characteristics are summarized. As it can be seen in this table, the 
average age of the males seems to be lower than the age of the females group. Participants 
received greater proportion of C3C4 protocol than T3T4 protocol. A sub-selection participants (n 
= 23) completed the BSI before they started the training (see Appendix A1 for age and gender 
distribution for this specific group).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Pyramid histogram of age and gender distribution of the sample  
(males, n = 35; females, n=32). 
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N    M   SD
   Age (years)
              Females 32 44.4 13.5
              Males 35 31.3 21.1
              Total 67 37.6 18.9
   Protocol (No. of sessions)
             C3C4 Protocol 67 14.9 4.2
             T3T4 Protocol 67 4.9 4.2
             Other Protocols 67 0.3 0.7
   C3C4/T3T4 Ratio (%) 67 75.7 21
   NFT sessions (No. of sessions) 67 20.1 2.7
   Initial complaints (Total BSI score) 23 49.3 32.4
Table 1  
Demographic and training characteristics 
 
 
 
 
  
 
 
 
 
 
 
                
 
 
 N = sample size, M = mean, SD = standard deviation, BSI = Brief Symptom Inventory 
 
3.3. Measures 
1. Quantitative electroencephalogram (QEEG) 
A QEEG is an objective and reliable measure of the brain’s electrical activity (Hammond, 2011; 
Thatcher, 2010). A 21-channel QEEG was recorded using the DeyMed-TruScan 32 QEEG 
recording device (128 samples/sec.). Electrodes were placed at locations Fp1, Fp2, F7, F3, Fz, 
F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, O2, A1 and A2, and AFz as reference, 
according to the 10-20 system electrode placement (Figure 2).  These data were used to calculate 
A1-A2 linked ears referenced data. QEEG recordings lasted 10 minutes (2 recording of 5 minutes 
each, eyes open and eyes closed conditions). Artefacts were rejected using automatic editing 
procedures followed by visual inspection by the therapist. This resulted in series of 2 seconds 
artefact free EEG data bins. Then, these data bins were transformed, first by Fast Fourier 
transform (FFT) to obtain absolute power values with a 0.5 Hz resolution from 1 to 64 Hz, 
followed by a log transformation to obtain log average values of the bins for the individual 
frequencies. Finally, these data were converted back to absolute power values and summed over 
Changes in the QEEG after NFT   8 
 
 
 
the frequency bands to obtain the power values for each of the frequency bands. The Thatcher’s 
Lifespan normative reference database, which consists of 625 subjects from two months of age to 
82.3 years of age (Thatcher et al, 2003), and the reported complaints by the patient were then 
used to decide on the personalized NFT protocol. 
For each participant, two QEEGs were recorded, the first one before the first session of NFT and 
the second one after 15 to 25 sessions of training. 
Changes in EEG spectra were assessed by looking at SMR/High Beta (12-15 to 22-32 Hz) and 
SMR/DeltaTheta (12-15 to 2-6.5 Hz) ratios at C3, C4 and T3, T4 locations. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Drawing of the 10-20 system electrode placement (Fp: prefrontal,  
F: frontal, T: temporal, C: central, P: parietal, O: occipital). Even numbers 
refer to right hemisphere locations. Odd numbers refer to left hemisphere 
locations.  
 
2. Brief Symptom Inventory (BSI) 2006 (Dutch translation) 
The Brief Symptom Inventory (BSI) is the short version of the Symptom Checklist-90-R (SCL-
90-R) (Derogatis, 1975), that measures general psychological distress experienced in the 
preceding week. It is a self-report questionnaire that consists of 53 items rated on a 5-point 
Likert-type rating scale ranging from 0 (not at all) to 4 (extremely). Symptoms can be grouped 
into nine scales (i.e. Somatization, Obsessive-Compulsive, Interpersonal Sensitivity, Depression, 
Anxiety, Hostility, Phobic Anxiety, Paranoid Ideation, and Psychoticism). Three further global 
indexes can be calculated: Global Severity Index (GSI), measures overall level of psychological 
distress; Positive Symptom Distress Index (PSDI), measures the intensity of symptoms; and 
Positive Symptom Total (PST), measures number of self-reported symptoms.  
Changes in the QEEG after NFT   9 
 
 
 
The Global Severity Index of the BSI, collected before the first session of neurofeedback training 
(NFT), was used to test the relationship between severity of initial symptoms and changes in 
QEEG after NFT. This index is the sum of the scores in the 53 items of the test and ranges from 0 
to 212, being the high values indicative of more complaints.  
 
3.4. Procedure 
Sixty-seven participants were selected from all patients who received neurofeedback training in a 
clinical practice. 
After an intake session, pre-test measures were taken for all patients. Adult participants were 
asked to complete the BSI according to the experienced symptoms in the preceding seven days. 
Then, the first QEEG was recorded using an elastic cap with 19 sensors connected to the 
DeyMed-TruScan 32 QEEG recording device. A special conductive gel was squeezed into each 
of the 19 orifices in the cap. Impedance levels were kept below 10 kOhm. Participants received a 
short introduction to the QEEG recording procedure. They were asked to blink and to bite several 
times in order to learn how artefacts can contaminate the recording. They were instructed to sit 
still and to refrain from excessive eye movements. Two periods of 5 minutes each were recorded. 
The first five minutes were recorded with eyes closed, followed by one minute break and the 
second recording with eyes open. After automatic artefact rejection, all data were visually 
inspected for muscle tension artefacts, blinks and eye movements. EEG segments free from 
artefacts were selected for further analysis.  
NFT consisted of at least 15 to 25 sessions for all participants. Sessions lasted one hour, with an 
actual training time of about 30 minutes, twice a week. A bilateral bipolar montage was used. 
Two electrodes were placed on the participants’ head at either C3 and C4 (central left and right) 
or T3 and T4 (temporal left and right) locations depending on the selected training protocol 
personalized for each client’s complaints. Furthermore, a ground electrode was placed on the 
right earlobe. Data were recorded by the Mind Tuner X2-10, using a sampling rate of 200 Hz. 
The average root-mean-square (RMS) power of the filtered channels recorded from the electrodes 
were used to create the visual feedback.  
Video-feedback was the chosen feedback method. Participants received continuous feedback in 
the form of changes in size of a superimposed frame on a video screen as well as changes in the 
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volume of the sound, depending on the training success, while they watched a DVD movie. 
Participants were informed that the frame would become narrower and the sound volume higher 
when their target brain activity was satisfactory and would become wider and the volume lower 
when non desired brain activity was present. Consequently, they would be able to watch the 
whole screen and hear the sound (reward) when their frequency bands remained within the set 
thresholds but they would miss parts of the image and barely hear the sound (negative-feedback) 
when their frequency bands reached undesired amplitude levels. Enhancing absolute SMR (12-15 
Hz) amplitude while suppressing absolute DeltaTheta (2-6.5 Hz) and High Beta (22-32 Hz) 
amplitudes at the sensorimotor cortex was rewarded when the C3C4 protocol was used. 
Alternatively, when the participant received T3T4 training this implied mainly inhibiting absolute 
Theta (4-8 Hz) and High Beta amplitudes on the temporal lobes. After 15 to 25 sessions of 
treatment, a second QEEG was recorded following the same procedure as for the first 
measurement.  
 
3.5. Data analysis 
The QEEG data were analysed with the R data analysis software (R Core Team, 2014). The 
power values of the EEG bands were exported from the QEEG analysis software and then 
imported in an R data frame. The ratio of the absolute powers of the SMR/DeltaTheta (12-15 to 
2-6.5 Hz) and SMR/High Beta (12-15 to 22-32 Hz) were calculated and log-transformed prior to 
statistical testing to improve normality of the data. 
Prior to the data analysis for answering the research questions, well-known effects of some 
variables (i.e. age, gender, eyes condition) on the QEEG were tested on the baseline QEEG 
measurement (see Table  B2 in Appendix). This analysis of the baseline brain activity was used 
as a first insight to select determining factors necessary to create the best models for answering 
the research questions. Furthermore, this analysis was used to compare the results with those in 
literature to test the reliability of these data that were not collected for research purposes. 
Linear mixed effects analysis of the relationship between QEEG (SMR/DeltaTheta and 
SMR/High Beta ratios) and neurofeedback training (NFT) were performed using the lme4 
package (Bates et al., 2014). Training was used as a categorical factor with two levels (before 
training or QEEG1, and after training or QEEG 2) as was gender (male and female). Age, total 
Changes in the QEEG after NFT   11 
 
 
 
BSI score, proportion of C3C4 protocol with respect to T3T4 protocol and number of NFT 
sessions were used as continuous factors. Apart from the linear term, polynomial terms for the 
factor age were included in the model (Congedo and Lubar, 2003). In addition, measurement 
conditions characteristics made necessary to include eyes condition and EEG location as 
covariates to increase the sensitivity of the test. Those were also used as a categorical factors 
with two levels (C3 or left central location and C4 or right central location, and eyes open and 
eyes closed, respectively). As fixed effects, training, gender, age, proportion of protocol and 
number of sessions were entered into the model. Intercepts for subjects (client ID) were 
included as random effects, with training, eyes condition and EEG location as within client 
crossed variables (random slope effects). Separate analysis were made for the relationship 
between changes in the QEEG after neurofeedback training and severity of symptoms (total 
initial score of the Brief Symptom Inventory, BSI). A sub-selection of the participants who 
completed the BSI (n = 23) prior to the training were used for this purpose.  
Significance levels were set at .05 for all analysis. P-values were calculated by the Maximum 
Likelihood Ratio Test (i.e. REML = False) which is used to compare the goodness of fit of two 
models (Baayen et al., 2008; Bates, 2010; Galecki and Burzykowski, 2013; Winter, 2014). The 
Akaike information criterion (AIC) value of the full model with the fixed effect under 
consideration was compared to the AIC value of the reduced model without that fixed effect 
using the ANOVA function in R (Baayen et al., 2008; Bates, 2010; Winter, 2014) in which lower 
AIC values support the better model. When no significant contribution to the model of the fixed 
effect was obtained, that fixed effect was excluded from the final model for answering the first 
main research question (i.e. changes in QEEG after neurofeedback training). Hence gender, age, 
proportion of protocol, number of NFT sessions, eyes condition and EEG location were only 
included in the reduced model to answer the first main research question when they significantly 
contributed to improve the model. Furthermore, when significant changes in QEEG (SMR/High 
Beta or SMR/DeltaTheta ratios) were observed, further analysis were made to answer the second 
research question (i.e. interaction of context factors (fixed effects) with changes in the QEEG 
after neurofeedback training). In this case, the fixed effects as well as the interaction term with 
the training effect were included in the reduced model to test the significance of the interaction of 
each fixed effect with training. Finally, residual plots of the reduced models for each ratio were 
visually inspected to check normality of the data (Galecki and Burzykowski, 2013). 
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4. RESULTS 
4.1. Pre-training (baseline) QEEG 
Analysis of the pre-NFT EEG data (QEEG1), revealed significant effects of the conditions 
studied in some of the EEG frequency bands which is consistent with results shown in literature. 
Age differences in the QEEG were observed in all the frequency bands analysed. Gender effects 
were only observed in the fast frequency bands (i.e. SMR, Beta 2 and High Beta). Moreover, the 
well-known effect of eyes open and eyes closed condition in the QEEG was significant in all 
frequency bands, except for High Beta (see Table B1 and Table B2 in the Appendix for detailed 
results). 
 
4.2. Pre- and post- training comparison of SMR/High Beta ratio  
For the SMR/High Beta ratio, the Maximum Likelihood Ratio tests showed that the fixed effects 
number of sessions, protocol, gender and the cubic term of age (Age3), did not improve the 
model. As a result, the reduced model to explain the changes in the SMR/High Beta ratio after 
neurofeedback training included age and the quadratic term of age (Age2), eyes condition and 
training as fixed effects. Intercepts for subjects (client ID) were included as random effects, with 
training, eyes condition and EEG location as within client crossed variables (random slope 
effects). Comparison of the full model and the reduced model revealed that the removal of those 
factors from the model was justified (χ2 (5) = 1.276, p = 0.937) (see Figure 3). Hence, according 
to the Principle of Parsimony (Bates, 2010), the simpler model is used for further analysis. 
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Figure 3. Full and reduced models and results of ANOVA function in R for the SMR/High Beta ratio  
(Df = degrees of freedom, AIC= Akaike information criterion, χ 2 = chi square) 
 
 
Visual inspection of residual plots did not reveal any obvious deviations from homoscedasticity 
or normality (Galecki and Burzykowski, 2013) (See residual plots in Appendix D). 
Comparison of the reduced mixed linear model with and without the training effect led to the 
conclusion that significant QEEG changes were observed in the SMR/High Beta ratio after NFT. 
Neurofeedback training affected the SMR/High Beta ratio (χ2 (1) = 5.713, p = 0.016), increasing 
it by about 0.041 ± 0.016 (standard errors) with the confidence interval [0.007, 0.075] (see Table 
E1 in Appendix for detailed results). From Figure 4, in which the means and standard errors of 
the SMS/High Beta ratio are plotted, it is clear that the ratio increases at both EEG central 
locations (C3 and C4) as well as for both measurement conditions, that is, for the eyes closed and 
for the eyes open conditions (see Table C1 in Appendix for means and standard errors values). 
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Figure 4. Plot of comparison of means and standard errors of SMR/High Beta ratio before and 
after neurofeedback training (NFT). In Y axis, the log transformation of the ratio of the power 
values are shown. C3 and C4 refer to right central and left central locations, respectively. EC and 
EO refer to eyes closed and eyes open conditions. QEE1 and QEEG2 stands for QEEG 
measurements recorded before and after NFT.  
 
4.3. Pre- and post- training comparison of SMR/DeltaTheta ratio 
For the SMR/DeltaTheta ratio, the same approach as for the other ratio described above was 
followed (see Figure 5). Number of sessions, protocol, gender and the quadratic and cubic terms 
of age, did not improve the model. Hence, only age, eyes condition and training were included as 
fixed effects in the model to explain part of the variance in the model when testing the changes in 
SMR/DeltaTheta ratio after neurofeedback training. The full model was not significantly better 
than the reduced model (χ2 (6) = 5.721, p = 0.455).  
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Figure 5. Full and reduced models and results of ANOVA function in R for the SMR/DeltaTheta ratio  
(Df = degrees of freedom, AIC = Akaike information criterion, χ 2  = chi square) 
 
 
Visual inspection of residual plots did not reveal any obvious deviations from homoscedasticity 
or normality (Galecki and Burzykowski, 2013) (See residual plots in Appendix D). 
Pre-post comparisons of the SMR/Delta Theta ratio values did not reach significance (χ2 (1) = 
824, p = 0.363) with the confidence interval [-0.0143, 0.0386] (See Table 2 and Table E2 in 
Appendix for detailed results). Even though, observation of the means and standard errors plot 
reveals trends in the expected direction (see Figure 6, and Table C1 in the Appendix for means 
and standard errors values). 
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Figure 6. Plot of comparison of means and standard errors of SMR/Delta Theta ratio before and 
after neurofeedback training (NFT). In Y axis, the log transformation of the ratio of the power 
values are shown. C3 and C4 refer to right and left locations, respectively. EC and EO refer to eyes 
closed and eyes open conditions. QEEG1 and QEEG2 stands for QEEG measurements recorded 
before and after NFT.  
 
 
4.4. Interaction of context factors with changes in QEEG after NFT 
Analysis of the interaction of context factors with the change of QEEG after neurofeedback 
training were only carried out for the SMR/High Beta ratio, due to the non-significant results of  
the SMR/DeltaTheta ratio after NFT. No significant result was obtained for the correlation of any 
of the context factors studied (i.e. age, gender, proportion of C3C4 protocol with respect to T3T4 
protocol and number of sessions) with changes in the SMR/High Beta after NFT (see Table 2).  
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SMR/High Beta ratio SMR/Delta Theta ratio
χ2 (df)     p-value χ2 (df)     p-value
NFT effect 5.713 (1)   0.016 * 0.824 (1) 0.363
Context factors interaction
                Gender 0.093 (2) 0.954 NA NA
                Age 0.240 (2) 0.886 NA NA
                C3C4/T3T4 % 0.919 (2) 0.631 NA NA
                No. of sessions 0.215 (2) 0.897 NA NA
Table 2 
Results of the statistical analyses of the pre-post comparison of ratio values and interaction with 
context factors. 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Significance level p<0.05 *. χ 2 = chi square, df = degrees of freedom. NA= not applicable. 
No further analysis were calculated for interaction between context factors and changes in the 
SMR/DeltaTheta ratio after neurofeedback training (NFT) due to non-significant results reached 
after training. 
 
 
To tests a possible effect of symptom severity on changes in the QEEG after NFT, a sub-
selection of the participants (n=23) who completed the BSI prior to initiate the training was used 
in independent analysis. The increase of SMR/High Beta ratio and SMR/DeltaTheta ratio after 
neurofeedback training of this sub-selection did not reach significance (χ2 (1) = 0.153, p= 0.695 
and χ2 (1) = 2.046, p= 0.152). This made it meaningless to further look into the effect of the 
symptom severity on the NFT effect, although visual inspection of the means and standard errors 
plot still reveal a positive trend in the direction of the expected change in both ratios after NFT 
(see Figure 7 for SMR/High Beta ratio and Figure 8 for SMR/DeltaTheta ratio).  
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Figure 7. Plot of comparison of means and standard errors of SMR/High Beta ratio before and 
after neurofeedback training (NFT) for the sub-selection of participants who completed the Brief 
Symptom Inventory (BSI) before training (n = 23). In Y axis, the log transformation of the ratio of 
the power values are shown. C3 and C4 refer to right and left locations, respectively. EC and EO 
refer to eyes closed and eyes open conditions. QEE1 and QEEG2 stands for QEEG measurements 
recorded before and after NFT.  
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Figure 8. Plot of comparison of means and standard errors of SMR/DeltaTheta ratio before and 
after neurofeedback training (NFT) for the sub-selection of participants who completed the Brief 
Symptom Inventory (BSI) before training (n = 23).  In Y axis, the log transformation of the ratio of 
the power values are shown. C3 and C4 refer to right and left locations, respectively. EC and EO 
refer to eyes closed and eyes open conditions. QEE1 and QEEG2 stands for QEEG measurements 
recorded before and after NFT. 
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5. DISCUSSION 
In the present study, changes in the quantitative electroencephalogram (QEEG) after 
neurofeedback training (NFT) were investigated in 67 participants who received 15 to 25 sessions 
of this type of operant conditioning therapy. Training consisted of C3C4 protocol (training at the 
sensorimotor cortex) and T3T4 protocol (training at the temporal cortex). SMR (12-15 Hz) was 
enhanced when the C3C4 protocol was used, while DeltaTheta (2-6.5 Hz) and High Beta (22-32 
Hz) were inhibited in both protocols. The aim of the study was to explore whether the SMR/High 
Beta ratio (12-15 to 22-32 Hz) and the SMR/DeltaTheta ratio (12-15 to 2-6.5 Hz) increased 
significantly after NFT. The SMR/High Beta ratio increased significantly after NFT, while an 
increasing trend was observed in the SMR/DeltaTheta ratio although this change was not 
significant. Moreover, exploratory analyses were conducted to investigate the interaction of these 
changes with some context factors (age, gender, the proportion of protocols used, the number of 
sessions, and the severity of symptoms at the start). No interactions were found between these 
factors and changes in the QEEG after NFT. 
 
5.1. Changes in EEG after NFT 
Results of the current study partly support the hypotheses that brain activity can be operationally 
conditioned.  
On the one hand, significant changes were observed in the SMR/High Beta ratio at central brain 
locations after 15 to 25 sessions of NFT. This is in agreement with other studies that reported 
changes in brain activity after NFT. For example, Lubar and Lubar (1984) conducted a similar 
study in which an increase of SMR and decrease of slow EEG and EMG activity were reported in 
a group of children with ADHD. Vernon et al. (2003) reported an increase of SMR already after 
eight sessions of NFT. Kober et al. (2015), using a similar training as described in this paper, 
found that the participants were able to increase SMR power over all sessions of NFT. Other 
authors also have reported changes in other EEG bands after NFT. Egner, Gruzelier and Strawson 
(2002) reported changes in the QEEG after five sessions of NFT. In their study, they focused on 
the theta/alpha ratio. Egner, Zech and Gruzelier (2004) also reported changes in other non-trained 
frequency bands of the EEG after NFT.  
Changes in the QEEG after NFT   21 
 
 
 
On the other hand, the changes in the SMR/DeltaTheta ratio at central locations after NFT were 
not significant although trends of an increase were observed. This is comparable with the 
findings from Doppelmayr and Weber (2011) who reported an increase in SMR but also failed to 
show significant changes in the Theta/Beta ratio; however, they used slightly different definitions 
for the frequency bands.  
Is there a rationale in the fact that the changes in the SMR/High Beta ratio were significant but 
not in the SMR/DeltaTheta ratio?  
During the NFT in this study, three independent filtered channels were used for giving feedback. 
Explicitly, one channel for each frequency band (i.e. DeltaTheta, SMR and High Beta frequency 
bands) was used. If the signal in one of these channels did not meet the criteria, negative 
feedback was given. Depending on the personalized training and the amplitude levels of each 
session, the therapist decided which settings to use. Generally, the strongest emphasis was on the 
increase of the SMR channel, while the outer-lying frequency bands were inhibited. The strength 
of this inhibition was individualized for each participant depending on their training needs. 
Therefore, it cannot be excluded that there could have been less training in a certain band 
compared to another which could result in a difference in training effect between the mentioned 
ratios. Future studies could incorporate a record about how the thresholds are controlled during 
the sessions. Changes in the training software have already been implemented to do so. 
Another explanation for these findings might be that it is inherently more difficult to change the 
SMR/DeltaTheta than SMR/High Beta ratio. Also, faster frequencies might be easier to control 
while slower frequencies might need more time to change significantly. This could be due to 
difference in structures in the brain generating these different frequency bands. It has been 
suggested that lower frequencies are generally generated in deeper structures in the brain 
(Carrasco et al., 2009; Taylor, 1993) and could therefore be more difficult to change.   
Furthermore, low frequency EEG artefacts (i.e. eye movements) can sometimes be more difficult 
to control than high frequency artefacts (i.e. muscle movements). This could result in a 
qualitative better feedback signal for the higher frequencies and thus a better training effect might 
be observed in the SMR/High Beta ratio.    
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5.2. Heterogeneity of symptoms 
Cognitive improvements after NFT were not tested in this study. Others have reported 
improvements in different cognitive functions such as alertness, attention, memory performance, 
epilepsy, reduced impulsiveness (Egner and Gruzelier, 2003; Kober et al., 2015) and also as a 
way to regulate the arousal (Johnstone J. and Lunt J. 2011) or normalizing the spectra of the EEG 
(Egner and Gruzelier, 2001). Contrary to these studies that usually include participants with very 
similar complaints or disorders, the present study did not specify any inclusion criteria for 
symptom or disorder type. In fact, patients with totally different symptoms but who received 
similar type of training were included. Furthermore, no exclusion criteria were set for age nor for 
gender. The reason for doing so was to obtain a sample large enough to increase statistical 
sensitivity of the tests. Hence, a highly heterogeneous group was used to analyse changes in the 
QEEG after NFT. Despite this, significant changes were found in the SMR/High Beta ratio. 
Therefore, it might be concluded that NFT in a more general and heterogeneous sample can also 
lead to expected changes in the QEEG. 
 
5.3. Montage differences 
During this study we came to the conclusion that the analysis of the data might be further 
improved. An important aspect in the data analysis that is necessary to take into account is the 
difference between the montages used during the QEEG measurements and during the training 
sessions. For the QEEG recordings, a unipolar linked ears referenced montage was used, while a 
bipolar C3C4 montage was applied during the training. The advantages and disadvantages about 
whether to use one montage or the other have been discussed in literature (Demos, 2005; Fehmi 
and Collura, 2007; Lubar and Lubar, 1999). In this study, the unipolar montage for the QEEG 
was used because the database used to compare patient’s results to normative data to decide on 
the personalized training is only available for this type of montage. This type of montage gives an 
absolute value of the limited area right under the electrode. Each location is compared to the 
earlobes which are considered to be neutral, yet ear contamination by electrical activity is known 
(Yamada D.T and Meng E.). On the other side, a bipolar montage was used during trainings to 
allow for an increased common mode rejection and to minimize contamination of the EEG with 
muscle (EMG), electrocardiogram (EKG), or eye blink artefacts, and EEG activity measured at 
the earlobes. Changes after NFT might have been bigger if same montages were used for both 
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QEEG and training. The type of montage used for the QEEG might mask trained differences in 
the SMR/DeltaTheta ratio after NFT. The differences in the measurements could be more 
pronounced in the slow frequencies because they are in general less localized or less de-
synchronized over distance compared to high frequencies; in other words, coherences of low 
frequencies are generally higher than for the high frequencies at a chosen distance. During the 
training, only the difference between C3 and C4 would be inhibited and not the common mode 
factor, that is, identical activity happening at both locations at the same time (Lubar and Lubar, 
1999). Future studies could use the same montages or make recalculations to obtain similar 
values from training and QEEG measurements. 
 
5.4. EEG parameters 
When dealing with QEEG, the results can be expressed in different parameters. For example, 
EEG data can be expressed in total power, in absolute power of the bands or in relative powers 
compared to the total power of the EEG signal or relative to another frequency band like the 
SMR/High Beta ratio.  Clarke et al. (2001) reported a comparison of QEEG results for all the 
different parameters. Ratios have been suggested to be a reliable and sensitive way to measure 
localized changes in the QEEG (Clarke et al., 2001; Lubar, 1991). In the present study, training 
was given in three frequency bands (DeltaTheta: 2-6.5 Hz, SMR: 12-15 Hz, High Beta: 22-
32Hz). To use the most sensitive measure to discern changes in the QEEG after NFT, the ratios 
of the SMR band with the DeltaTheta band and the High Beta band were used. Questions remain 
whether findings of the present study might have been different if different EEG parameters had 
been used. Future studies about changes in the QEEG after NFT could include a comparison of 
results for different parameters. 
 
5.5. Training and QEEG conditions 
One other issue to discuss might be that the data collection during training and during the QEEG 
recordings were made under different conditions. Pre-post-treatment QEEG measures included 
eyes open and eyes closed rest condition, while a task condition (watching a movie) was used 
during the training. Ideally, same montages and task conditions should be used in both QEEG 
measurements and trainings. However, in clinical practice the QEEG data are used for 
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comparison with standard conditions (eyes closed and eyes open in rest) of a normative database, 
whereas training means per definition a task condition.  
 
5.6. Context factors interaction 
As QEEG data used in this study were collected from clinical practice, the available data were 
very heterogeneous. To take this into account, research questions about the relationship between 
many context factors and the change in QEEG after NFT were included. The intention was that 
the unexplained variance in the statistical model could in this way be reduced and the sensitivity 
of the test increased. Furthermore, the interactions of these factors with changes in the QEEG 
(SMR/High Beta ratio) were studied. 
Participants of the full age range were included in the study. Age related differences were found 
in all frequency bands in the baseline QEEG which is consistent with the findings reported by 
Barriga-Paulino et al. (2011) and Clarke (2001) who reported developmental changes in the 
QEEG. Moreover, it has been reported that the effect of age in the QEEG is not just linear, since 
polynomial age terms should be taken into account (Congedo and Lubar 2003). Analysis of the 
baseline QEEG revealed significant age differences in all the frequency bands, as well as the 
importance of higher order powers of age in the optimized statistical model. Hereafter, it was 
hypothesized that changes in QEEG after NFT may be age dependent. No significant interactions 
were found between age and changes in SMR/High Beta ratio after NFT. Therefore, the inclusion 
of the wide age range was justified as no significant variance was found. Consequently, it was 
concluded that age did not significantly contribute to the changes in SMR/High Beta ratio after 
NFT in this sample.  
As mentioned before, this study included participants of both genders. Preliminary analysis 
revealed gender differences in the Beta frequency bands (SMR: 12-15 Hz, Beta 2: 15-22 Hz and 
High Beta 22-32 Hz) in the baseline QEEG. This is in line with other studies that also reported 
differences in the brain activity of males and females (Barry et al., 2004; Benninger, 1984; 
Clarke, 2001; Chiang et al., 2011). In the present study, a limitation of the data was that the 
children group merely consisted of boys and that the average age of the female group was higher 
than for the male group (see Figure 1 for a histogram for age and gender distribution, and Table 1 
for demographic characteristics). Therefore, the gender differences found in the baseline QEEG 
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might be the result of this asymmetric age distribution. Moreover, no gender interaction with 
changes in QEEG after NFT was found for this group. This would imply that both males and 
females benefit from the neurofeedback therapy in the same way. Still, before drawing 
conclusions about this, this results have to be confirmed in more homogeneous and better 
distributed samples. 
Moreover, in order to warrant enough participants in the study and that similar treatments were 
used among all of them, the included participants trained a minimum of 90% of the sessions with 
two specific protocols, namely C3C4 and T3T4. Analysis of the interaction of the proportion of 
C3C4 protocol with changes in the QEEG had two goals. First, a significant interaction of this 
proportion with changes in the QEEG (SMR/High Beta ratio) after NFT could show that the 
changes in QEEG might be dependent on the protocol used, in other words, it would show 
specificity of the protocol. Thus, including this variable in the model would improve the analysis 
and reduce the residual variance. Secondly, placebo effect on the QEEG could not be ruled out in 
this study since a control group was not included. By doing this analysis and finding a protocol 
specificity, this methodological limitation could be compensated. A major critique regarding 
neurofeedback research has been that the patient’s improvement may have been due to other 
factors like the personal attention of the therapist, the temporal distraction of distress or the mere 
perception that dealing with one’s discomforts is rewarding in itself (Arns, 2014; Hammond, 
2009). Some authors have pointed out the methodological issues that are common in studies 
about NFT, such as lack of placebo group and lack of control for non-specific effects (Arns, 
2014; Bink et al, 2014; Duric et al, 2014; Egner & Gruzelier, 2004). Others have discussed the 
ethical and practical issues of using sham neurofeedback (Kerson et al., 2014; Vernon, 2003). In 
this study, it was unethical to include a control group as clients who come to the practice seek for 
treatment to alleviate their symptoms. Therefore, the second type of intervention, T3T4 (training 
at temporal cortex), was used to test specificity of the C3C4 protocol. Results of the present study 
suggest no interaction between the protocol used and changes in the QEEG after NFT, which 
might suggest that changes in the QEEG are not specific to the protocol used and point towards 
placebo effects. However, the number of clients with different proportion of C3C4 was not well 
distributed. As it can be seen in Figure 9, most participants received a great proportion of the 
C3C4 protocol and approximately one third of them even received only C3C4 training. 
Participants received on average 14.95 (± 4.25) sessions training with the C3C4 protocol, 
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compared to 4.9 (±4.26) sessions training with the T3T4 protocol.  This makes the detection of 
differences in the effect on the QEEG of these protocols quite difficult.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Histogram of distribution of proportion of C3C4 protocol. 
X axis: Percentage of C3C4 protocol, Y axis: number of participants 
 
 
To have enough data, participants who’s second QEEG was recorded between 15 and 25 sessions 
of NFT were included in the study. Analysis of the interaction between the number of sessions 
and the change in the QEEG after NFT were performed to compensate for the added variance due 
to the chosen range of sessions. At the same time, a positive interaction might suggest that, 
within this range, changes in the QEEG are dependent on the number of sessions trained. No 
interaction effects were found from this analysis for this range of number of sessions. On that 
account, the inclusion of participants who had trained different number of sessions as one group 
was justified. Still, trying to draw conclusions about the relationship between changes in the 
QEEG and the number of sessions of NFT was very optimistic as most participants received on 
average 20.19 ± 2.71 sessions of NFT (see Figure 10 for distribution of number of NFT sessions). 
In future studies, this interaction could be analysed in a better way comparing the baseline QEEG 
with measurements of the QEEG recorded after each session of training, as Kober et al. (2015) 
did in their study.  
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Figure 10: Histogram of distribution of number of neurofeedback sessions. 
X axis: number of sessions of neurofeedback training, Y axis: number of 
participants 
 
As a final point, to test the interaction between severity of symptoms at the start of the training 
and changes in the QEEG after NFT, the results of Brief Symptom Inventory (BSI) were used. 
Only 23 participants had completed this questionnaire before they started the training. In 
consequence, separate analyses to analyse whether the QEEG changed after NFT were conducted 
for that sub-selection of the sample. Changes in the SMR/High Beta and SMR/DeltaTheta ratios 
after NFT did not reach significance for this small sample. As a result, analyses of the interaction 
between severity of symptoms at the start of the training and changes in the QEEG after NFT 
could not be performed.  
 
5.7. Complexity of the statistical model  
A linear mixed effect model (Bates et al. 2014) was chosen in this study because of the 
characteristics of the data. First, as the study followed a repeated measures design, independency 
of responses could not be assumed. Each participant was measured under two conditions (eyes 
open and eyes closed), at two different locations (C3 or central left location and C4 or central 
right location), at two time points (before and after neurofeedback training). Secondly, this 
complex data set confined continuous as well as categorical factors and covariates needed to 
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understand the structure of the data. Finally, instead of assuming the same change in QEEG after 
NFT for each participant, a random slope effect was considered. This would take into account 
that different participants might have different responses (i.e. different changes in QEEG) after 
NFT and allow for variation attributable to individual differences. Linear mixed effect models 
have been proved to deal with this sort of issues. It has been demonstrated that they are more 
suitable than the traditional analyses that err on the anticonservative side, while the chi-square 
statistic often used in the mixed models is more conservative (Baayen et al., 2007; Bagiella et al., 
2000; Winter, 2013, 2014). This kind of complex models are common among other fields, yet 
they are not commonly used in the field of psychophysiology (Baayen et al., 2007). Nonetheless, 
they have also been applied in neurofeedback research (Dekker et al., 2013; Cannon et al. 2007; 
Kerson et al., 2013). Future studies about changes in the QEEG after NFT could include a 
comparison of results for different statistical analyses. Results of the present study might 
encourage researchers in this field to use this type of analysis in future studies.  
 
5.8. Future recommendations 
It would be interesting to perform a future study with a true experiment that includes a control 
group. The experimental and control group could include patients selected from clinical practice 
with a variety of symptoms and/or disorders.  Data should be collected in a systematic way. For 
example, it should be convenient to apply pre-post treatment neuropsychological, emotional or 
psychological tests, as well as QEEGs, to all patients. This would allow to analyse how changes 
in symptoms that can be more subjective correlate with more objective changes in the QEEG. 
Comparison of results from an experimental and control group would allow to draw conclusions 
about neurofeedback effect excluding placebo effects. In practice, it would be unethical to create 
a placebo group which receives a sham intervention. A control group could be created with 
volunteers who do not require intervention, or clients in a waiting list that would receive the 
intervention after a control period of usual care or no intervention. 
Future studies could also analyse changes in other frequency bands or brain locations different 
from the trained ones to explore whether changes in the QEEG after NFT are generalized. 
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Finally, it would be interesting to follow up on the participants after 6 months and one year to 
investigate if changes in the QEEG after NFT persist, continue to change in the right direction, or 
in the contrary, disappear.  
 
5.9. Significance 
The findings described in this study implicate that neurofeedback could be used as a non-
pharmacological treatment technique for disorders characterized by abnormal EEG patterns. This 
study has partly replicated previous research results and has provided further evidence for the 
operant conditioning hypothesis in neurofeedback, that is, the brain is able to adapt to desired 
response patterns after receiving feedback on its functioning. Finally, this study, as well as prior 
studies (Ros et al., 2010), might give evidence that neuroplasticity takes place in the brain, no 
matter the age.  
 
5.10. Conclusion 
SMR/High Beta ratio increased significantly in a heterogeneous sample selected from clinical 
practice who received 15 to 25 sessions of neurofeedback training aimed to enhance SMR (12-15 
Hz) and inhibit DeltaTheta (2-6.5 Hz) and High Beta (22-32 Hz). The SMR/DeltaTheta ratio did 
not change significantly although trends of an increase were observed. These results provide 
more general and compelling evidence for the operant conditioning of the electrical brain activity 
by means of neurofeedback training. Finally, these findings may have important implications for 
non-pharmacological therapies of disorders characterized by abnormal brain activity patterns. 
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APPENDIX A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Age and gender distribution of the sub-selection of clients 
who completed the BSI before training started (n=23). 
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EEG Frecuency band
Delta Theta Alpha SMR Beta 2 High Beta 
(1-4Hz) (4-8Hz)  (8-12Hz)  (12-15Hz) (15-22 Hz) (22-32Hz)
Fixed effect
        Gender x x x
        EEG location x
        Eyes condition x x x x x
       Age 3 x
      Age 2 x x x x x x
        Age x x x x x x
Random effect
        Subject (client ID) x x x x x x
        EEG location x x x x x x
        Eyes condition x x x x x x
Age effect Gender effect Eyes cond effect
χ2 (df)     p-value χ2 (df)     p-value χ2 (df)     p-value
Delta (1-4 Hz) 113.38 (3) 2.2 e-16* 3.255 (1) 0.071 5.288 (1) 0.021*
Theta (4-8 Hz)   71.614 (2)  2.8 e-16* 1.681 (1) 0.194 27.785 (1) 1.3e-07*
Alpha (8-12 hz) 21.221 (2) 2.4 e-05* 2.263 (1) 0.132 71.686 (1) 2.2e-16*
SMR (12-15 hz) 12.011(2) 0.002* 4.462 (1)   0.034* 55.15 (1) 1.117e-13*
Beta 2 (15-22 Hz) 7.112 (2) 0.028 * 4.432 (1)   0.035* 36.92 (1) 1.231e-09*
High Beta (22-32 Hz) 7.391 (2) 0.024* 5.648 (1)   0.017* 2.318 (1) 0.127
SMR/DeltaTheta ratio 37.093 (1) 1.127e-09* 2.967 (1) 0.084 17.185 (1) 3.391e-05*
SMR/HighBeta ratio 6.605 (2) 0.036* 1.906 (1) 0.167 31.701 (1) 1.799e-08*
APPENDIX B 
 
Table B1 
Variables included in the reduced model for each frequency band of the baseline QEEG.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
x = factor included in the statistical model for the frequency band  
 
Table B2 
Age, Gender and Eyes condition differences in baseline QEEG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Significance level p<0.05 *. χ 2 = chi square, df = degrees of freedom. 
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QEEG pre (mean, s.e.) post (mean, s.e.) χ2 (df)     p-value
EO EC EO EC
SMR/HighBeta C3 (left) -0.031 (0.063) 0.161 (0.065) C3 (left) 0.03 (0.054) 0.25 (0.052) 5.713 (1) 0.016*
 ratio C4 (right) -0.039 (0.067) 0.194 (0.069) C4 (right) 0.03 (0.059) 0.297 (0.056)
EO EC EO EC
SMR/DeltaTheta C3 (left) -1.754 (0.085) -1.609 (0.086) C3 (left) -1.731 (0.090) -1.585 (0.088) 0.824 (1) 0.363
 ratio C4 (right) -1.759 (0.084) -1.584 (0.084) C4 (right) -1.716 (0.089) -1.540 (0.088)
APPENDIX C 
Table C1 
Means and standard errors of the ratio values  
 
 
 
 
 
 
 
 
 
 
 
 
Significance level p<0.05 *, χ 2 = chi square, df = degrees of freedom. 
Comparison of means and standard errors of SMR/High Beta and SMR/DeltaTheta ratios before and after 
neurofeedback training (NFT). The natural log transformation of the ratio of the power values are shown. C3 and C4 
refer to right and left locations, respectively. EC and EO refer to eyes closed and eyes open conditions.  
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APPENDIX D 
I. SMR/High Beta ratio 
 
Figure D1. Scatterplot for the reduced SMR/High Beta ratio model. Plot of the residuals of 
the observed data (Y axis) against the estimated marginal mean values (X axis). Pearson 
residuals are here used. The mean structure of the data show a random scatter. Therefore, the 
variance seems to be homoscedastic. 
 
 
Figure D2. Q-Q plot for residuals for the SMR/High Beta ratio model. The mean structure of 
the data show an approximate straight line which indicates normality of residuals.  
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Figure D3. Coefficient plot of the regression of the estimates for the reduced SMR/High Beta ratio 
model. Mean values are indicated with a point. Confidence limits are indicated with a line.  
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II. SMR/DeltaTheta ratio 
 
 
Figure D4. Residual plot for the reduced SMR/DeltaTheta ratio model. Plot of the residuals 
of the observed data (Y axis) against the estimated marginal mean values (X axis). Pearson 
residuals are here used. The mean structure of the data show a random scatter. Therefore, the 
variance seems to be homoscedastic.  
 
 
Figure D5. Q-Q plot for residuals for the reduced SMR/DeltaTheta ratio model. The mean 
structure of the data show an approximate straight line which indicates normality of 
residuals. 
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Figure D6. Coefficient plot of the regression of the estimates for the reduced 
SMR/DeltaTheta ratio model. Mean values are indicated with a point. Confidence limits are 
indicated with a line.  
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APPENDIX E 
 
Table E1 
Summary of model for SMR/HighBeta ratio: Output of the lmer function of the lme4 package in 
the R data analysis software (Bates et al. 2014; R core team, 2014)  
 
## pEEG = SMR/HighBeta ratio 
## Linear mixed model fit by maximum likelihood t-tests use Satterthwaite 
##   approximations to degrees of freedom [merModLmerTest] 
## Formula:  
## pEEG ~ Age + I(Age^2) + Training + Eyes_condition + (1 + Eyes_condition +   
##     EEG_location + Training | ClientID) 
##    Data: df 
##  
##      AIC      BIC   logLik deviance df.resid  
##    100.1    168.7    -34.1     68.1      520  
##  
## Scaled residuals:  
##     Min      1Q  Median      3Q     Max  
## -3.3693 -0.4815  0.0381  0.5010  2.4412  
##  
## Random effects: 
##  Groups   Name            Variance Std.Dev. Corr              
##  ClientID (Intercept)     0.173251 0.41623                    
##           Eyes_condition1 0.008768 0.09364  -0.06             
##           EEG_location1   0.005150 0.07177  -0.23 -0.14       
##           Training1       0.016201 0.12728   0.36  0.14 -0.03 
##  Residual                 0.024173 0.15548                    
## Number of obs: 536, groups:  ClientID, 67 
##  
## Fixed effects: 
##                   Estimate Std. Error         df t value Pr(>|t|)     
## (Intercept)      0.5831380  0.1765947 68.2300000   3.302  0.00153 **  
## Age             -0.0286214  0.0106009 67.3700000  -2.700  0.00876 **  
## I(Age^2)         0.0003381  0.0001398 67.4100000   2.418  0.01831 *   
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## Training1       -0.0415755  0.0169388 67.0800000  -2.454  0.01671 *   
## Eyes_condition1  0.1131572  0.0132053 67.0000000   8.569 2.27e-12 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Correlation of Fixed Effects: 
##             (Intr) Age    I(A^2) Trnng1 
## Age         -0.898                      
## I(Age^2)     0.792 -0.971               
## Training1    0.078  0.008 -0.002        
## Eyes_cndtn1 -0.019  0.000  0.000  0.10 
 
 
Table E2 
Summary of model for SMR/DeltaTheta ratio: Output of the lmer function of the lme4 package in 
the R data analysis software (Bates et al. 2014; R core team, 2014)  
 
## pEEG = SMR/DeltaTheta ratio 
## Linear mixed model fit by maximum likelihood t-tests use Satterthwaite 
##   approximations to degrees of freedom [merModLmerTest] 
## Formula: pEEG ~ Age + Training + Eyes_condition + (1 + Eyes_condition +   
##     EEG_location + Training | ClientID) 
##    Data: df2 
##  
##      AIC      BIC   logLik deviance df.resid  
##     22.7     87.0      3.7     -7.3      521  
##  
## Scaled residuals:  
##      Min       1Q   Median       3Q      Max  
## -2.92108 -0.51140 -0.00411  0.52212  2.33502  
##  
## Random effects: 
##  Groups   Name            Variance Std.Dev. Corr              
##  ClientID (Intercept)     0.263631 0.51345                    
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##           Eyes_condition1 0.014550 0.12062  -0.17             
##           EEG_location1   0.003046 0.05519   0.16 -0.05       
##           Training1       0.009391 0.09691  -0.13 -0.14  0.08 
##  Residual                 0.018459 0.13586                    
## Number of obs: 536, groups:  ClientID, 67 
##  
## Fixed effects: 
##                  Estimate Std. Error        df t value Pr(>|t|)     
## (Intercept)     -2.548494   0.137687 68.010000 -18.509  < 2e-16 *** 
## Age              0.023748   0.003249 67.040000   7.310 4.20e-10 *** 
## Training1       -0.012142   0.013205 67.210000  -0.919    0.361     
## Eyes_condition1  0.079579   0.015853 67.000000   5.020 4.06e-06 *** 
## --- 
## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
##  
## Correlation of Fixed Effects: 
##             (Intr) Age    Trnng1 
## Age         -0.891               
## Training1   -0.092  0.040        
## Eyes_cndtn1 -0.068  0.000 -0.111 
 
 
 
 
 
 
